When cultured at an air-liquid interface (ALI) in the appropriate medium, primary human airway epithelial cells form a polarized, pseudostratified epithelium composed of ciliated and mucussecreting cells. This culture system provides a useful tool for the in vitro study of airway epithelial biology and differentiation. We have performed microarray analysis on ALI cultures of human bronchial epithelial cells (HBECs) grown over a 28-d period to identify genes involved in mucociliary differentiation. We identified over 2,000 genes that displayed statistically significant 2-fold or greater changes in expression during the time course. Of the genes showing the largest increases, many are involved in processes associated with airway epithelial biology, such as cell adhesion, immunity, transport, and cilia formation; however, many novel genes were also identified. We compared our results with data from proteomic analyses of the ciliary axoneme and identified candidate genes that may have roles in cilia formation or function. Gene networks were generated using Ingenuity Pathways Analysis (Ingenuity Systems, Redwood City, CA) to identify signaling pathways involved in mucociliary cell differentiation or function. Networks containing genes involved in TGF-␤, WNT/␤-catenin, and epidermal growth factor receptor (EGFR) pathways were identified, suggesting potential roles for these families in airway epithelia. Microarray results were validated by real-time RT-PCR for a number of representative genes. This work has provided extensive information about gene expression changes during differentiation of airway epithelial cells, and will be a useful resource for researchers interested in respiratory function, pathology, and toxicology.
CLINICAL RELEVANCE
These microarray analyses give new insight into the genetics of airway epithelial cell differentiation and provide a catalog of gene expression that will be a valuable resource for scientists interested in airway biology, pathology, and toxicology.
volves the movement of inhaled particles that are trapped by mucus through the coordinated beating of cilia. Defects in mucociliary clearance are associated with a wide range of respiratory disorders, including cystic fibrosis, asthma, and chronic obstructive pulmonary disease (COPD). Thus, it is important to understand the molecular mechanisms regulating mucociliary cell differentiation and function.
Multiple culture systems have been developed for the study of airway epithelial cells. Primary cells isolated from the airway can be grown in standard submersed culture, but these cultures lack many of the features of the in vivo airway epithelium. However, under the appropriate conditions, formation of a ciliated, mucus-producing, pseudocolumnar epithelium can be induced in primary cultures of nasal, tracheal, or bronchial epithelial cells from different mammalian species (1) (2) (3) . These studies demonstrated that mucociliary differentiation of primary cells in culture requires a combination of retinoic acid (RA), a collagen gel substratum, and culture at an air-liquid interface (ALI). In the absence of RA, the cells form a stratified squamous epithelium, and mucin secretion is dramatically decreased (1, 2) . The presence of collagen gel does have some effects on secretory cell differentiation, but appears to be most critical for ciliated cell differentiation (4) . Finally, culture of the cells at an ALI is required for ciliated cell differentiation, as submersion of epithelial cells blocks ciliogenesis (5) .
The ALI culture system provides a unique opportunity to examine the factors and pathways that regulate mucociliary differentiation. Previous studies have examined morphologic and molecular changes that occur during ALI culture of human bronchial epithelial cells (HBECs). We have expanded upon these studies by performing a global analysis of gene expression changes during mucociliary differentiation of HBECs. Through these microarray analyses, we have identified more than 2,000 genes that display statistically significant increases or decreases during this differentiation process. Using gene ontology databases, we have characterized major biological processes that occur during mucociliary differentiation. In addition, we have identified genes with candidate roles in cilia formation or function by comparing our results with those from proteomic studies of the mammalian axoneme. Finally, we have identified signaling pathways that may have roles in regulating airway epithelial differentiation and/or function. These studies provided valuable new insight into the genetic regulation of differentiation of the bronchial epithelium, and identified many novel genes with no previously known functions in this tissue.
MATERIALS AND METHODS

Cell Culture
Primary human bronchial epithelial cells were obtained from three different healthy, nonsmoking adult donors. The protocol and consent form were approved by the University of North Carolina School of Medicine Committee on the Protection of the Rights of Human Subjects. Cells were obtained by cytological brushing at bronchoscopy and expanded to passage three in bronchial epithelial growth medium (BEGM; Clonetics, Cambrex Corp., East Rutherford, NJ). Cells were plated on vitrogen-coated filter supports inserted into 12-well culture plates and maintained as described previously (6) . Five hundred nanomolars of RA were added to culture medium after cells reached 100% confluence to promote differentiation. ALI culture was initiated 48 h later by removing the apical medium, and basolateral media containing 100 nM RA was used for the remainder of the culture period. The cells were maintained in ALI culture for 28 All time points were performed in triplicate (one sample from each of the three donor lines), except for Days 2, 12, and 17, which were performed in duplicate due to a reduced cell number obtained from one of the donor lines.
Histology
Cells were fixed for 20 min at room temperature in 4% paraformaldehyde, washed with PBS, then transferred to 70% ethanol for paraffin embedding. Samples were sectioned at 5 m and deparaffinized in xylene, followed by incubating in a series of graded alcohols to rehydrate. For general histology, sections were stained using standard protocols for either hematoxylin and eosin (H&E) or Alcian blue/periodic acid/Schiff's (PAS) reagents. For immunostaining, sections were placed in a humid box, blocked with Power Block (BioGenex, San Ramon, CA) for 30 min at room temperature. Sections were incubated with mouse anti-Muc5AC monoclonal (Clone CLH2, 1 mg/ml stock; Chemicon, Temecula, CA) diluted 1:100 in Tris-buffered saline (TBS), overnight at 4ЊC. Sections were washed with TBS and incubated with Alexa 488 goat anti-mouse secondary antibodies (Molecular Probes, Invitrogen, Carlsbad, CA) for 1 h at room temperature. Sections were washed with TBS and blocked with Power Block for 30 min at room temperature. Sections were incubated with anti-acetylated ␣-Tubulin (clone 6-11 B-1, 0.5 mg/ml stock; Zymed, San Francisco, CA), diluted 1:800 in TBS, for 1 h at 37ЊC, then washed with TBS. Sections were then incubated with Alexa 561 goat anti-mouse secondary antiboides (Molecular Probes) for 1 h at room temperature and mounted using Vectashield with DAPI (Vector Laboratories, Burlingame, CA). Images were captured using a Nikon C1 si confocal microscope (Nikon, Torrance, CA).
Microarrays
Total RNA was prepared for microarray analysis using the RNeasy kit (Qiagen, Valencia, CA), as per the manufacturer's protocol. Briefly, cells were lysed with 120 l of RLT lysis buffer, with cells from three Transwells pooled for each time point. The lysate was frozen at Ϫ80ЊC until processed further. Lysates were spun through a QIAshredder spin column (Qiagen) at 10,000 rpm for 2 min to homogenize the samples. Lysates were added to RNeasy columns, and all incubation and washing steps were performed following the kit's instructions. The purified total RNA was stored at Ϫ80ЊC until all time points were collected. RNA was quantified spectrophotometrically and the quality of the RNA preps was confirmed using the Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA).
Ten micrograms of RNA was provided to Expression Analysis, Inc. (Durham, NC), where microarray data collection was performed using GeneChip Human Genome HU133 Plus 2.0 Arrays (Affymetrix, Santa Clara, CA). These arrays contain oligonucleotide probes for ‫ف‬ 47,000 transcripts and variants, including over 38,500 well-annotated genes. All probe sets represented on the GeneChip Human Genome U133 Set are identically replicated on the GeneChip Human Genome U133 Plus 2.0 Array. The sequences from which these probe sets were derived were selected from GenBank, dbEST, and RefSeq. The sequence clusters were created from the UniGene database (Build 133, April 20, 2001 ) and then refined by analysis and comparison with a number of other publicly available databases, including the Washington University EST trace repository and the University of California, Santa Cruz Golden-Path human genome database (April 2001 release). In addition, there are 9,921 new probe sets representing ‫ف‬ 6,500 genes, for which the sequences were selected from GenBank, dbEST, and RefSeq. These sequence clusters were created from the UniGene database (Build 159, January 25, 2003) and refined by analysis and comparison with a number of other publicly available databases, including the Washington University EST trace repository and the NCBI human genome assembly (Build 31). Double-stranded cDNA was synthesized from total RNA using a primer that is comprised of an oligo(dT) segment and a T7 promoter sequence, using an RNase H deletion mutation of MMLV reverse transcriptase (Invitrogen). Biotin-labeled cRNA was synthesized using either the ENZO BioArray HighYield RNA Transcript Labeling Kit (Enzo Biochem, New York, NY; T7) or Affymetrix GeneChip IVT Labeling Kit. Fragmented cRNA was hybridized to the microarray according to the Affymetrix GeneChip Expression Analysis Technical Manual (November 2004). All subsequent post-hybridization steps were performed according to the GeneChip Technical Manual.
Data Analysis
Affymetrix .cel files were processed at Expression Analysis using the REDI (REduction of Invariant Probes) Analysis to remove data from poorly performing probes (for description, see http://www. expressionanalysis.com/redi_analysis.html) in combination with Robust Multichip Average (RMA) analysis, which performs background correction, probe-level normalization, and probe-set summary. Both raw and the RMA-processed data have been submitted to the NCBI Gene Expression Omnibus repository (GEO) and can be accessed at http:// www.ncbi.nlm.nih.gov/geo/ (series accession number GSE5264; sample accession numbers GSM119354 through GSM119383). Further data analysis was performed using GeneSpring 7 software (Agilent). The cross gene error model was used to estimate the precision of the expression intensity for genes. Deviation values calculated with this model were then used to calculate t test P values. The data were filtered on confidence, requiring P Ͻ 0.005 for more than half (6 out of 10) of the time points for each series. All data were normalized to Day 0, so normalized intensity is the fold change relative to this time point. Data were filtered using different fold change cutoffs. Differentially expressed genes were analyzed by one-way ANOVA, using a stringent statistical cutoff of P Ͻ 0.005 with the Benjamini and Hochberg false discovery rate test. K-means clustering was performed on some of the gene lists, using 100 iterations and a distance measure based on the Pearson Correlation. Gene network analysis was performed using Ingenuity Systems Pathway Analysis web-based software application. Detailed information about this program and the IPA database can be found at (http://www.ingenuity.com/products/pathways_analysis.html).
Real Time RT-PCR
Relative gene expression in human airway epithelial cells was quantified using real-time quantitative PCR. Samples of the RNA that had been isolated for the microarray analysis were reverse transcribed to generate cDNA. Primer/probe sets were obtained as Taqman pre-developed assay reagents (concentrated and pre-optimized mix of primers and FAM-labeled Taqman probe) from Applied Biosystems (University Park, IL). Assay IDs for each reagent set used were: 
BMP4
(Hs00370078_m1), BMP7 (Hs00233477_m1), TGFB1 (Hs99999918_m1), WNT4 (Hs00229142_m1). Quantitative fluorogenic amplification of cDNA was performed using the ABI Prism 7500 Sequence Detection System (Applied Biosystems), primer/probe sets of interest, and TaqMan Universal PCR Master Mix (Applied Biosysy- tems). The relative abundance of mRNA levels was determined from standard curves generated from a serially diluted standard pool of cDNA prepared from cultured human airway epithelial cells. The relative abundance of ␤-actin mRNA was used to normalize levels of the mRNAs of interest.
RESULTS
Mucociliary Differentiation of Cultured HBECs
Many of the morphologic and physiologic features of HBEC differentiation in ALI culture, including cilia formation, mucus production, and transepithelial resistance, have already been well characterized (3, 7, 8) . We performed a simple histologic analysis to establish the timing of mucociliary differentiation in our cultures for comparison with data from the expression profiling. At five different time points during culture, cells were fixed, sectioned, and stained with H&E to examine general morphology or with Alcian blue/PAS reagents, which stain acid mucins blue and neutral mucins pink. Immunostaining was also performed to examine expression of markers of cilia formation (acetylated ␣-tubulin) and mucus production (the mucin protein, MUC5AC).
For approximately the first week of ALI culture (Day 0 and Day 6), the cells formed a stratified squamous epithelial layer ( Figures 1A-1F) . By Day 14, the cells were less flattened in appearance, but no other dramatic morphologic changes were apparent ( Figures 1D and 1E) . However, while cilia could not be discerned on cells at this stage, concentrations of ␣-tubulin were observed on the surface of individual cells ( Figure 1I , yellow arrow), suggesting that ciliogenesis had initiated and protein constituents of cilia were being synthesized and transported. By Day 21, many of the cells had a columnar morphology and were arranged in a pseudostratified layer ( Figure 1J ). At both Day 21 and Day 29, the cells had hairlike extensions on their apical surface, suggestive of cilia ( Figures 1J and 1M ). The presence of cilia was confirmed by the immunostaining, which showed extensions on the cell surfaces that were positively labeled for ␣-tubulin ( Figures 1L and 1O , red staining, indicated by yellow arrows).
Staining for mucins increased throughout the culture period. At Day 0, the Alcian blue and PAS staining and the MUC5AC immunostaining were all very faint ( Figures 1B and 1C ). At Days 6 and 14, there was a slight increase in blue staining (acidic mucins) on the surface of the cell layer, while the cytoplasm of most cells was also PAS-positive. Higher concentrations of MUC5AC protein were also observed on the surface of cells by Day 14 ( Figure 1I , green staining, white arrowhead). At Days 21 and 29, there was a large increase in the amount of acidic mucins on the surface of the epithelium, with several individual cells showing high levels of staining for both Alcian blue and PAS ( Figures 1K and 1N , green arrows) or MUC5AC ( Figures 1L  and 1O , white arrowheads). Thus, by general morphologic criteria and using more specific staining for protein components of cilia and mucus, the different major cell types of the airway epithelium (basal, secretory, and ciliated) could be observed after 2-3 wk of culture.
Global Gene Expression Profiling of Differentiating HBECs
To examine changes in gene expression during differentiation of airway epithelial cells, RNA was isolated from HBECs harvested at 11 different time points from Days 0-28 of ALI culture. The majority of time points were performed in triplicate, using an RNA sample from each of the three different donor cell lines (Days 2, 12, and 17 were performed in duplicate due to a lower yield from one donor line). A transcriptional analysis of the cultured HBECs was performed using the Affymetrix Human Genome U133 Plus 2.0 array, which represents more than 47,000 transcripts (http://www.affymetrix.com/products/arrays/specific/ hgu133plus.affx). The data was processed using the RMA algorithm, which performs a background correction, a normalization step, and a probe-level summary. This method was selected because it has been demonstrated to have higher precision, particularly for low expression values, and higher specificity and sensitivity than many of the other commonly used methods (9) . The complete dataset from the time course is accessible through the NCBI Gene Expression Omnibus repository (GEO, http:// www.ncbi.nlm.nih.gov/geo/), series accession number GSE5264. The original .CEL files from the experiment are also available from the GEO website for investigators interested in performing their own analyses.
Log-log plots of the expression data were examined to determine the consistency between replicates as a quality control measure. Figure 2A shows two representative plots comparing replicates from Day 0 and Day 28. The tight clustering of the data around the central line indicates strong correlation between replicates. All replicate combinations were examined in this manner, and all showed similar correlation, suggesting that there was strong similarity between all of the three donor cell lines (data not shown). Normalized data were filtered based on fold changes relative to Day 0 and analyzed with statistical tests that are described in more detail in Materials and Methods. The data were first filtered to identify probe sets that display at least a 2-fold increase or decrease in expression relative to Day 0 of culture for one or more time points of the culture period. A total of 1,538 probe sets representing 1,257 different genes or expressed sequence tags (ESTs) displayed increases of 2-fold or greater, while 1,309 probe sets representing 957 genes/ESTs that displayed 2-fold or larger decreases were identified ( Figure 2B ). A breakdown of the number of probe sets showing 2-fold changes for each stage relative to Day 0 is given in Figure 2C . The number of genes with significant changes in expression increased gradually between Day 1 and Day 10, and then leveled off, consistent with the trends displayed in the line graphs ( Figure  2B ). This is interesting, as the appearance of cilia and increased mucus production did not occur until after Day 14 in our cultures (Figure 1 ), suggesting that transcriptional regulation of genes involved in these processes occurs much earlier in the culture period. A complete list of all the genes displaying 2-fold changes during the culture period is available in the online supplemental.
Clustering and Classification of Genes Displaying 2-Fold Changes
To gain an understanding of the biological processes occurring during differentiation of bronchial epithelial cells, we performed clustering and gene classification analyses. K-means clustering was used to categorize the genes into groups with similar temporal changes. Five clusters were generated, as it was found this number gave the best representation of the different major kinetic trends in this experiment. Two of the clusters contained upregulated genes, while the other three included genes that showed a net decrease ( Figure 3 ). For more detailed information regarding the clustering results, the list of genes with 2-fold changes that is provided in the online supplement is also grouped by cluster. We categorized genes within each cluster by their Gene Ontology terms for biological processes using DAVID (The Database for Annotation, Visualization and Integrated Discovery 2.1, http://david.abcc.ncifcrf.gov/). Terms are ranked based on their Fisher Exact Probability value from the gene enrichment analysis to identify which processes show significant overrepresentation. Figure 3 shows the top 10 statistically significant category 5 (most specific) biological process terms for each cluster.
Cluster 1 included genes that gradually increase between Day 0 and Day 10, whereas genes in cluster 2 genes displayed a much sharper increase, beginning around Day 2 of culture. The highest-ranked biological process for both of these clusters was "homophilic cell adhesion," consistent with the idea that interactions between these cells change as they transition from a squamous to a columnar epithelium. For both clusters, the majority of genes in this category belonged to the protocadherin ␣ and ␤ families (including PCDHA1- 9 and -20) . Protocadherins are widely expressed in epithelial tissues and have roles in modulating adhesion and morphogenesis, but little is known about their function in the airway. The other terms for these two clusters differed significantly. Cluster 1 contained genes falling into multiple categories related to immunity and defense, including chemokines (CX3CL1, CXCL2, CXCL5, CXCL6, IL8), major histocompatibility genes (HLA-DMA, HLA-DRB1), and toll-like receptors (TLR1, TLR2). Biological processes for cluster 2 genes included regulation of cytoskeleton organization and intracellular transport, and genes in these categories included tubulins (TUBA3, TUBA4, TUBB2) and dyneins (DNAH9, DNCL2B). As discussed in a later section, these genes may be involved in ciliogenesis, although they could have other functions related to cytoskeletal organization as well. The difference in the temporal trends for these two clusters is interesting, although its significance is not clear. It does suggest that certain aspects of the differentiation process (cilia formation versus development of immunity defenses, for example) are regulated independently.
The three clusters containing down-regulated genes also represented very distinct biological processes ( Figure 3) . Cluster 3 included genes that undergo an early increase between Day 1 and Day 4 of culture, followed by a drop in expression, whereas cluster 4 included genes that are down-regulated gradually over the culture period. Interestingly, the highest scoring category for both of these clusters is "ectoderm development." The genes in this category include keratinocyte markers such as small proline rich proteins (SPRR1A, SPRR1B) and sciellin (SCEL), as well as several different keratins (KRT6B, KRT16, KRTHA1, KRTHA4) and laminins (LAMA3, LAMB3, LAMG2). While the description "ectoderm development" obviously does not refer to the airway epithelium, this categorization does suggest that the squamous, undifferentiated HBECs may share characteristics with keratinocytes at the molecular level. Other biological processes for genes in clusters 3 and 4 were more distinct. Several of the highest-scoring categories for cluster 3 involved defense or wound healing responses. Genes in this cluster had an interesting temporal expression profile, with an initial, short increase in expression followed by a gradual decline. The initial transition to ALI culture may be stressful to the cells, and might explain the transient up-regulation of genes related to healing and defense. The categories for cluster 4 included a broad range of processes such as alcohol or carbohydrate metabolism, regulation of the cell cycle and cell death, and cell signaling. By contrast, cluster 5 genes displayed a very distinct temporal pattern and represented a more restricted set of processes. Genes in this cluster underwent an initial sharp increase from Day 0 to Day 1, followed by a gradual decrease until approximately Day 8. A second peak in expression occurred later in the culture period, between Days 14 and 21 ( Figure 3) . The top three biological process categories for this cluster were all related to cell cycle. The genes in these categories included cyclins (CCNA2, CCNB1, CCNB2, CCNF), kinesins (KIF11, KIF2C, KIF23), checkpoint homolog 1 (CHK1), cyclin-dependent kinase inhibitor 3 (CDKN3), S-phase kinase-associated protein (SKP2), protein regulator of cytokinesis (PRC1), and kinetochore-associated 2 (KNTC2). Many of the remaining categories for this cluster were related to lipid, steroid, or fatty acid metabolism. The significance of this is not clear, but these genes could also be related to cell division, as lipids have numerous signaling roles in regulation of cell proliferation, and lipid biosynthesis may be required for aspects of cell growth and cytokinesis. These changes suggest there may be different periods of proliferative activity over the culture time course. As both basal cells and nonciliated secretory cells of the bronchial airways have proliferative capacity in vivo, either or both of these cell populations may have mitotic activity in culture as well (10, 11) . However, further analyses are required to determine the extent and specificity of cell proliferation in this culture system.
Genes with the Largest Changes in Expression
As the list of genes generated using a 2-fold filter was too long for careful scrutiny of individual genes, we examined the genes with the largest changes in expression level during the culture time course. Genes that displayed у 10-fold change for at least one time point relative to Day 0 are listed in Table 1 . Several genes in this list have previously been shown to be upregulated during ALI culture of HBECs, providing support for our results. For example, FOXJ1 encodes a transcription factor required for ciliogenesis that regulates the organization and localization of the basal bodies, and expression of FOXJ1 mRNA has been shown to increase between Day 7 and Day 14 of ALI culture (12, 13) . In our analysis, FOXJ1 transcripts increased by close to 10-fold by Day 10 of culture. Several experiments have shown that PLUNC is one of the major secreted proteins in ALI cultures of primary human airway epithelial cells, and we observed an very large increase in PLUNC expression (14) . C9orf 24 encodes ciliated bronchial epithelium 1 (CBE1), which is not expressed in undifferentiated HBECs but is strongly induced by Day 7 of ALI culture (13) . Similarly, we identified an increase of Ͼ 35-fold for C9orf 24. We also detected a large increase in the mucin gene, MUC5B, and numerous other experiments have previously shown this gene to be up-regulated during ALI culture of HBECs (8, 15) . Finally, our results corroborate a recently published SAGE (serial analysis of gene expression) analysis, which identified several of the same genes as being highly abundant in the bronchial epithelium, including MSMB, CD74, TUBA3, MUC5B, SCGB3A1, and CGI-38 (16) .
The genes that displayed у 10-fold increases could be divided into several functional categories (Table 1 ). Similar to the results from the gene ontology analysis, we identified many genes that are involved in immunity, inflammation, and/or defense. As the airway epithelium provides a critical first line of defense against inhaled particles, toxins, and pathogens, it is not surprising that a number of genes related to these protective functions are highly up-regulated. Another anticipated result was the large number of cilia-related genes that were significantly increased ( Table 1) . Several of these genes have established roles in cilia or axoneme formation or function (AKAP14, FOXJ1, TUBA3, DNALI1). Many of the other genes in this category do not have established roles in cilia function, but are candidate cilia genes based on the analysis discussed in the following section. A number of xenobiotic-metabolizing enzymes, including members of the cytochrome P450 family and the phase II enzyme glutathione S-transferase, have previously been shown to be expressed in the lungs and airways and displayed increases during the culture period (17) . Finally, the regulated transport of solutes and liquids is a critical component of epithelial cell function, and we identified a number of genes encoding channels or transporters that are up-regulated during HBEC mucociliary differentiation.
Of the remaining genes that were not as easily categorized, several have known roles associated with airway epithelial biology or cell differentiation. Large increases were observed for the salivary protein statherin (STATH) and SCGB3A1, a member of the secretoglobin family that is expressed by secretory cells of the airway and is down-regulated in non-small cell lung carcinomas (18) . Cancer susceptibility 1 (CASC1) is a locus associated with predisposition to lung tumor development, and also displayed a large increase (19) . Finally, ID2 encodes an inhibitor of bHLH transcription factors that is RA-responsive and involved in regulation of cell differentiation and proliferation in a range of tissues (20) .
The genes with the largest decreases in expression were also divided into several distinct functional categories ( Table 1) . As previously discussed, several genes that are markers of keratinocytes were down-regulated, including small proline-rich proteins and keratins. Multiple proteinases showed large decreases, including members of the kallikrein enzyme family (KLK6, KLK7, KLK8). Factors with established roles in the stimulation of cell growth and proliferation (PGF, EREG) as well as molecules that have roles in cell adhesion (LOXL2, LGALS1, ASAM) also showed very large decreases during the culture period (Table 1) . There were a number of genes that we were not able to categorize by function, but that did share some interesting characteristics. S100A7, also called psoriasin 1, is a calcium-binding protein that is up-regulated in psoriatic skin and in different types of squamous cell carcinomas (SCCs) (21) . SERPINE1, also known as plasminogen activator inhibitor 1 (PAI-1), is a regulator of the fibrinolytic system, and is up-regulated in some squamous cell carcinomas (22) . ECM1 is expressed in normal skin, but is similarly increased in SCCs (23) . Finally, both the carbonic anhydrase, CA9, and xanthine dehydrogenase (XDH) show increased expression or activity in certain types of SCCs (24, 25) . Whereas all of these genes have very different functions, it is particularly striking that so many of them are associated with either normal keratinocyte development or SCC.
Examination of Mucin Gene Expression during HBEC Differentiation
As two of the primary features of HBEC differentiation are mucus production and cilia formation, we decided to examine genes involved in these processes in more detail. First, we looked at expression data for genes encoding mucins. Mucins are large, glycosylated proteins that are a major constituent of mucus, and are important for innate immune defense of the airway epithelium (26) . A number of mucin genes and proteins, including MUC2, MUC3, MUC4, MUC5AC, MUC6, MUC7, and MUC8, have previously been shown to be expressed by cultured human airway epithelial cells (8, 15, 27) . Thus, we expected that numerous mucin genes would display significant increases in our analysis. Interestingly, however, the only mucin gene that showed a large increase in our experiment was MUC5B. Smaller, but statistically significant, increases were also detected for genes encoding the membrane-bound mucins MUC1 and MUC15 (Table 1, Figure 4 ). However, no significant changes were detected for the other mucin genes known to be expressed by HBECs. It was particularly striking that we did not detect a significant increase in MUC5AC, which is one of the two major secreted mucins (the other being MUC5B) and has been shown to be up-regulated in a differentiation-dependent manner in cultured bronchial cells (8) .
To validate our results, we performed real-time RT-PCR to look at expression of the mucin genes identified in our analysis (Figure 4) . For the three genes that showed increases in the microarray experiment (MUC5B, MUC1, and MUC15) a similar change was detected by PCR. Fold changes relative to Day 0 (or Day 2 for MUC5B) were larger than those calculated from the microarray data, but the error between replicates was also larger. However, the overall trends in expression changes were For MUC5B and MUC5AC the data were normalized to the values for Day 2, which was the first stage at which a significant signal was detected. Microarray results include data for the Affymetrix following probe sets: MUC1 (213693_s_at, 211695_x_at, 207847_s_at), MUC15 (227238_at), MUC5AC (217187_at, 217182_at, 214385_s_at, 214303_x_at), and MUC5B (222268_x_at, 213432_at).
extremely similar to the microarray results, and thus provided strong support for our findings. We also examined expression of MUC5AC by PCR. Interestingly, a very large increase in expression of this gene was detected by this method, in contrast to the results of the microarray analysis ( Figure 4) . As the PCR data were similar to results from other laboratories, it suggests there may be problems with the probe sets for this gene on the HU133 Plus 2.0 Array.
Identification of Genes with Potential Roles in Cilia Formation or Function
In the airway, cilia are involved in the removal of inhaled particles and pathogens, and ciliary function is critical for respiratory health (28) . The cilia of the airway epithelium have a 9ϩ2 microtubule organization and are referred to as "motile" cilia, which are also found in the oviduct, testis, and brain. Abnormalities in cilia formation (primary ciliary dyskinesia) can cause clinical defects related to respiratory function, reproduction, and development (28). Thus, identification of genes that regulate ciliogenesis and encode components of the ciliary axoneme is of great importance.
The ALI cell culture system provides a unique opportunity to examine the molecular changes that occur during ciliogenesis in HBECs. However, the gene ontology analyses we performed did not identify many cilia-associated genes, primarily because there are very few human genes in the ontogeny databases that have been classified in this manner. Much of the information we do have regarding the molecular structure of the ciliary and flagellar axonemes has come from proteomics studies in a range of organisms. Recently, a proteomic analysis was performed on human cilia, using axonemes purified from primary ALI cultures of HBECs (29) . Through a combination of two-dimensional Page and liquid chromatography/tandem mass spectrometry approaches, researchers were able to obtain sequence data for over 1,400 peptides representing more than 200 proteins found in purified axonemes (29) . To determine which of the genes that displayed increases in our microarray analysis are involved in cilia formation, we compared our results with these published proteomics data.
A list of 301 genes represented on the Affymetrix array was generated using the protein accession numbers and names from the proteomics analysis (29) . This list is longer than the total number of proteins identified in the analysis (214) because, for several of the proteins, such as ␣-tubulin, ␤-tubulin, or actin, there are multiple genes that could encode the described protein.
For these situations, all candidate genes were included in the comparison. The Venn diagram in Figure 5A shows the overlap between the list of genes that displayed у 2-fold increases in our microarray analysis and the list of genes encoding proteins from the proteomic analysis. The overlap of these two lists contained 49 probe sets representing 37 different genes. Figure 5A shows the temporal expression profiles for these 49 probe sets. Strikingly, the majority of these genes had very similar profiles, with a dramatic increase in expression that occurred between Days 2 and 8 of culture. This supports the idea that these genes have related functions and may be transcriptionally regulated by a shared mechanism. Of note, these genes all were included in group 2 in the clustering analysis (Figure 3) , which contained many genes involved in "cytoskeleton organization and biogenesis," as previously discussed. The 37 genes, their corresponding proteins, and the protein accession numbers from the original proteomics experiment are listed in Table 2 . Not surprisingly, a number of the genes identified encode proteins known to be components of the axoneme. Four genes encoding light, intermediate or heavy chains of axonemal dynein (DNAH9, DNAI1, DNAI2, DNALI1) displayed significant increases (Table 2) , as did three tubulin genes (TUBA3, TUBA4, TUBB2). Of these dynein genes, mutations in DNAI1 are associated with PCD, while DNAH9 has been shown to be localized to the ciliary axoneme by immunohistochemical methods, providing further support that they have specific roles in cilia (30, 31) . However, other tubulin and dynein genes previously shown to be localized to ciliary axonemes, including DNAH5, TUBB1, or TUBB4, were not identified in our analysis.
We identified several other genes that encode proteins known to be associated with cilia, flagella, or microtubules ( Table 2) . Tektin proteins form filaments associated with axonemes, and mutations in the murine Tekt2 gene cause defects in the inner arm structure of axonemes in sperm flagella and tracheal cilia (32) . CENT2 encodes a calcium-binding protein that is associated with the microtubule organizing center, and is up-regulated during differentiation of human cilia epithelial cells (33) . SPAG6 encodes a protein associated with the flagellar axoneme that is involved in sperm motility (34) . Other genes that are expressed by sperm were identified, including NME5 and SPA17, and, while little is known about the functions of these genes, expression in sperm may suggest potential roles in the flagellum. Three homologs of genes involved in intraflagellar transport in the green alga Chlamydomonas (IFT57, IFT81, IFT88) were also identified. Calcium homeostasis is important for many aspects of ciliary and flagellar function. Several genes encoding proteins that bind calcium ions or are involved in calcium transport were identified in addition to CETN2. C10orf63 encodes enkurin, which is expressed by sperm and physically interacts with Ca ϩϩ channels (35) . Calcyphosine (CAPS) is a cyclic AMP-regulated protein that binds calcium via multiple EF-hand domains (36) . Two other genes encoding proteins with EF-hand domains were identified: EFHC1 and EFHC2. EFHC1 is a calcium ion-binding protein that is abundant in sperm flagella and tracheal cilia and a homolog of the Chlamydomonas axonemal protein, Rib72 (37) . Less is known about EFHC2, but its strong similarity to EFHC1 suggests that it may have related functions. Finally, RAB proteins are members of the RAS family of GTP-binding proteins that have a variety of roles, including regulation of membraneassociated intracellular transport. Two member of this family were identified (RABL4 and RABL5), and while specific functions for these genes in cilia are not known, related small GTPases have been demonstrated to undergo ciliary transport and be required for normal ciliary function (38) .
Confirmation of the microarray results was performed by real-time PCR, and several genes not known to be expressed by ALI cultures of HBECs and representing different functional categories were examined ( Figure 5B ). The PCR results confirmed large increases in expression of CAPS, IFT57, RABL5, ROPN1L, and TUBA3. Similar to the microarray results, the PCR analysis also demonstrated a sharp increase in expression occurring between Day 4 and Day 10, supporting the idea that this is the critical period for transcriptional regulation of genes involved in ciliogenesis.
Identification of Signaling Pathways with Candidate Roles in HBEC Differentiation
To identify candidate signaling pathways and gene networks that may regulate differentiation of HBECs, we used Ingenuity Pathway Analysis (IPA) to evaluate relationships between genes showing at least a 2-fold increase or decrease. It is important to clarify that IPA-generated networks are not the same as canonical biological pathways, but rather connect different proteins and genes based upon a wide range of interactions reported in the scientific literature. All the genes that showed a 2-fold or larger increase or decrease for at least one stage relative to Day 0 were included in the analysis. Of the 2,847 genes entered, the IPA database contained information for 1,049. With this list of genes, 70 networks were formed, of which 13 had the highest possible statistical score. We examined these networks to specifically identify ones containing signaling factors with known roles in cell differentiation. Three networks were identified: one including members of the TGF-␤ signaling pathway ( Figure 6A ), one containing genes involved in the WNT/␤-catenin pathway ( Figure 6B) , and a third network centered on the epidermal growth factor receptor ( Figure 6C ). The remaining networks were centered around common or ubiquitous transcription factors with very broad functions, making interpretation difficult. Verification and investigation of genes in other networks will be a future focus. Figure 6 shows the temporal expression profiles for genes in the networks that belong to the canonical TGF-␤, WNT/␤-catenin, or EGFR pathways, including ligands, receptors, inhibitors, and known intracellular mediators. In addition, expression profiles are shown for genes known to be members of the canonical signaling pathways that displayed significant changes in expression but were not identified in the network analysis (INHBB and FZD10). Numerous genes encoding ligands of the TGF-␤ superfamily showed significant increases or decreases during the time course ( Figure 6A ). The central gene in the Ingenuity network, TGFB1, decreases slowly over the culture time course, as do genes encoding the related signaling molecules, activin A (INHBA) and bone morphogenetic protein 2 (BMP2). By contrast, two other bone morphogenetic proteins, BMP4 and BMP7, and the gene encoding activin B (INHBB) increase steadily over the same period. SMAD3, an intracellular transducer of TGF-␤ and activin signals, and follistatin (FST), a secreted inhibitor of activins, both display a similar decrease. Interesting changes were also observed in genes involved in canonical WNT signaling ( Figure 5B ). WNT4, CTNNB1 (␤-catenin), and the intracellular modulator of WNT signaling, AXIN2, all were upregulated during the time course. Genes encoding two frizzled proteins, the transmembrane receptors for WNTs, also showed significant changes. Expression of FZD4 increased over the time course, displaying changes similar in timing and magnitude to WNT4, while FZD10 was down-regulated. Three inhibitors of WNT signaling, dickkopf1 and -3 (DKK1, DKK3) and SFRP2 also showed significant decreases during HBEC differentiation. Finally, the epidermal growth factor receptor (EGFR) and three of its ligands, amphiregulin (AREG), epiregulin (EREG), and heparin-binding EGF-like growth factor (HBEGF), all gradually decreased during culture ( Figure 6C ).
In addition to the genes belonging to the canonical signaling pathways, a number of potential genetic targets of these pathways were included in the networks. Many of the down-regulated genes in the TGFB1 network interact with either actin or microtubules, including TPM1, TPM2, TPM3, TPM4, PDLIM7, CALD1, SMTN, MAP4, and KIF3C. Several collagen genes (COL1A1, COL4A2, COL8A1) were also down-regulated. This suggests that the TGFB1 pathway may be involved in the regulation of cell morphology, motility, and cell adhesion in these cells. The observation that TGFB1 and all of these potential target genes are down-regulated during the culture period may also suggest that the pathway primarily functions in the undifferentiated, squamous epithelial cells. By contrast, BMP4 and BMP7 are up-regulated during culture, and therefore may play an active role in the process of mucociliary differentiation. CTNNB1 and the other components of canonical WNT signaling, as well as most of the candidate target genes in the network, all increase during mucociliary differentiation of HBECs ( Figure 6B) . Genes having reported interactions with CTNNB1 (SLC26A2, ADRB1, LMO2, ALDH1A1, etc.) fell into a range of functional categories, so it is difficult to extrapolate what biological processes may be regulated by this pathway. Finally, the majority of genes that interact with EGFR decreased during the culture period, as did EGFR and its ligands ( Figure 6C ). Genes in this network included members of the serpine family of serine proteinase inhibitors (SERPINE1, SERPINE2, SERPINA3) and many genes associated with the cytoskeleton and/or the extracellular matrix (KRT16, COL5A2, LAMA4, LAMC2, ITGA5, ITGB1, and FN1). This raises the possibility that the EGFR pathway is involved in regulating aspects of cell structure, morphology, and remodeling. Further work is needed to determine if these gene interactions are relevant in the bronchial epithelium, as many of the interactions in the Ingenuity database are based on data from other tissues and organisms.
Validation of the microarray results was performed by realtime PCR, examining expression of genes from each of the IPA networks that encode secreted signaling factors (Figure 7) . PCR confirmed the up-regulation of BMP4, BMP7, and WNT4 during culture, as well as the down-regulation of TGFB1 and AREG that was observed in the microarray analysis. These results, in combination with the fact that many genes also belonging to related signaling pathways also displayed significant changes, strongly suggest that these genes have roles in HBEC function or differentiation.
DISCUSSION
We have characterized global gene expression changes during differentiation of HBECs in ALI culture. These data provide a molecular atlas of mucociliary differentiation and will be a useful resource for researchers interested in development, function, pathology, or toxicology of the respiratory epithelium. In addition, these studies will provide insight regarding the similarities and differences between this culture system and the airway epithelium in vivo.
We identified a large number of genes that display significant increases or decreases during differentiation of bronchial epithelial cells, many with established functions in the respiratory epithelium and others without known roles in this tissue. Using gene ontology classifications, we characterized a number of biological processes that occur during HBEC differentiation ( Figure 3) . As discussed previously, the airway epithelium plays a protective role by providing a physical barrier, through the production of a number of immune and inflammatory mediators, and via mucociliary clearance. Importantly, genes related to all three of these functional aspects of the epithelium showed significant changes. Genes involved in cell adhesion were also highly represented in lists of genes showing 2-fold or greater increases. By contrast, many of the down-regulated genes are markers of keratinocytes or other squamous epithelia (Table 1, Figure 3 ).
We were especially interested in examining expression of genes related to mucus production or cilia formation, as those are two of the major structural/functional features of HBECs cultured at an ALI. Mucins are the major protein component of mucus, and we identified increases in expression of three mucin genes: MUC5B, which encodes a secreted mucin; and MUC1 and MUC15, which encode membrane-tethered proteins. PCR analyses validated these findings, but also detected an increase in expression of MUC5AC, which was not observed in the microarray experiment. There are numerous other mucin genes that are known to be expressed by primary cultures of HBECs that also were not identified by the microarray analysis. Thus, there may be probe sets for some of the mucin genes on these arrays that have problems with sensitivity or specificity and may not useful for examining expression of these genes. Also important to note is that mucin proteins are synthesized and stored until a stimulus for secretion is received, suggesting that studies only looking at RNA levels of mucin genes may not provide a complete perspective. Thus, it is recommended that researchers who wish to thoroughly and accurately examine expression of mucins in the airway epithelium use multiple analysis methods.
By comparing our gene expression data to results from proteomic studies of the mammalian axoneme, we identified candidate genes that may be involved in cilia formation or function. This included several genes with known or predicted roles in this cellular structure, but also many novel or uncharacterized genes. Importantly, all the genes shared a similar kinetic expression profile, supporting the idea that they have related functions. Interestingly, though, we did not find statistically significant increases in the genes encoding the majority of the proteins identified in the proteomics analysis. There are a number of potential explanations for this. Some of the genes may have shown increases in expression, but not large enough to pass the 2-fold filter. In addition, some ciliary proteins may be regulated in a post-transcriptional manner, so we might not detect changes at the level of gene expression. Also, as mentioned by the authors of the proteomics study, different cellular contaminants are likely associated with the purified axonemes, resulting in identification of proteins that are not truly axonemal components. Thus, this analysis was particularly useful in that it provides support for the idea that these 37 genes do have important functions in the ciliary axoneme.
We identified members of several signaling pathways that are transcriptionally regulated during mucociliary cell differentiation, by generating gene networks. Numerous members of the TGF-␤/BMP superfamily displayed increases or decreases during the culture period, as did several inhibitors or downstream targets of these pathways. TGFB1 was down-regulated during the culture time course, which is consistent with the roles that have been demonstrated for this factor in other studies. TGFB1 inhibits proliferation of airway epithelial cells in culture and induces terminal squamous differentiation (39) (40) (41) . It has also been demonstrated that TGFB1 induces reorganization of the cytoskeleton and causes shape changes and cell adhesion alterations in epithelial tracheal cells in culture (39) . Thus it is not surprising that many of the potential genetic targets of TGFB1 identified in the network analysis ( Figure 5C ) are associated with the cytoskeleton or extracellular matrix. When taken together, these findings suggest that TGFB1 could have important roles in the early proliferation block and squamous phenotype of HBECs, but its down-regulation may be required for the cells to differentiate into a ciliated, columnar epithelium.
Bone morphogenetic proteins (BMPs) are involved in differentiation of a number of different cell types and tissues. Expression of both BMP4 and BMP7 increased during the culture time course, while BMP2 was down-regulated ( Figure 6A ). All three of these genes have previously been shown to be expressed by cultured bronchial epithelial cells, although their precise function in these cells is not known (42) . However, roles for BMP4 in lung morphogenesis, specifically in proximal-distal patterning of the lung epithelium, have been described (43) . In addition, two other members of the TGF-␤ superfamily, INHBA and INHBB, which encode subunits of activins and inhibin, both showed significant changes during the time course. In summary, there are many complex changes in expression of TGF-␤ family signaling molecules during the differentiation of these cells, and further analyses will be required to dissect the specific roles of these many different factors.
Network analysis also identified a large number of genes that are involved in WNT/␤-catenin signaling ( Figure 5 ). WNTs are secreted ligands that bind to members of the frizzled family of transmembrane receptors. ␤-catenin is an intracellular downstream mediator of this signal, although it also has functions independent of the WNT pathway. We observed an increase in ␤-catenin expression during mucociliary differentiation of HBECs, which is consistent with other published data that suggest a role for this molecule in the airway. Expression of ␤-catenin was increased in the bronchial epithelial after naphthalene injury in mice and ectopic expression of an activated form of ␤-catenin in airway epithelium of mice caused goblet cell hyperplasia (44, 45) . In addition, conditional deletion of the ␤-catenin gene in the mouse lung resulted in a disruption of proximal and distal epithelial cell fate specification (46) . Thus, ␤-catenin clearly has important roles in the airway epithelium, but its precise functions are still not well understood.
WNT4 was the only WNT gene that displayed a significant increase during the culture experiment, but there are currently no described roles for WNT4 signaling during normal lung development. However, WNT4 has well-established roles in the regulation of cell differentiation in a range of other tissues, and has also been implicated in the development of lung cancer (47) . Multiple receptors for WNTs and secreted inhibitors of WNT signaling also displayed significant changes during the time course ( Figure 5B) . Combined with the observation that intracellular components of the canonical WNT/␤-catenin pathway (AXIN2, FRAT1) also increase during differentiation, these results strongly suggest a potential role for this pathway in HBECs.
Finally, the EGFR and three of its ligands were also downregulated during the differentiation time course. The EGFR pathway has been extensively studied in cells of the airway, and has been implicated in numerous processes in this tissue, including mucin production, cell proliferation, and inflammation (48, 49) . EGFR is also involved in the response to epithelial injury, as its expression is elevated in areas of structural damage in the bronchial epithelium (50) . In addition, all three of the EGFR ligands identified, AREG, EREG, and HBEGF, have been shown to be expressed by cells of the airway and are induced in chronic airway disease or in response to different types of pollutants or toxins (51, 52) . Interestingly, several of the genes included in the EGFR network ( Figure 6C ) are also highly expressed by squamous epithelia, including KRT16, LAMA4, LAMC2, SERPINE1, and SERPINE2 (53-57). As previously discussed, our analyses identified many down-regulated genes that are markers of keratinocytes or squamous cell carcinoma ( Figure 3 , Table 2 ). This is consistent with previous studies demonstrating cells cultured in the absence of RA undergo squamous differentiation, suggesting an important role for RA in regulating squamous versus columnar cell fates (1, 2) . Additional examination of the list of genes displaying 2-fold decreases identified even more genes expressed by squamous epithelia. These included keratin 4 (KRT4), laminin ␤ 3 (LAMB3), cadherin 13 (CDH13), numerous genes that encode proteins specifically associated with the cornified cell envelope of the epidermis (CST6, DSG2, DSG3, PPL, SCEL, SPRR1A, SPRR1B, SPRR2B, SPRR3), and basonuclin (BNC1), a zinc finger protein expressed by the basal layer of the epidermis (53, (57) (58) (59) . Two other down-regulated genes identified by the microarray analysis, transglutamase I and involucrin, are expressed by squamous epithelia and are also established markers of squamous metaplasia in the lung in vivo (60, 61) . Squamous cell metaplasia is a common alteration of the tracheobronchial epithelium that can occur as a result of airway injury. These lesions are associated with various pathological conditions such as asthma or COPD, and may be pre-neoplastic. Upon injury, ciliated epithelial cells of the airway transform to a squamous phenotype, spread beneath injured cells, proliferate, and then differentiate from squamous to cuboidal to ciliated, columnar cells (44) . This is strikingly similar to the morphologic changes observed in our ALI cultures of primary bronchial epithelial cells (Figure 1) . The observation that so many genes associated with normal squamous epithelia, squamous cell carcinomas, or EGFR signaling are initially expressed, and then down-regulated, suggests that there may be molecular parallels between these cultures and injured epithelia or neoplastic lesions in vivo. Importantly, while we described the cells at Day 0 as being "undifferentiated," they may not truly be representative of undifferentiated airway epithelial cells in vivo, as they had been extensively manipulated, undergone a period of submerged culture on a plastic substrate, and were exposed to RA before removal of media. Instead, our results may indicate that cells at the initial stages of ALI culture may more closely represent damaged epithelium, and that this culture system could be useful for the study of airway wound healing and repair and/or carcinogenesis. In addition, some of the genes identified in this study may be useful as diagnostic markers for the identification and characterization of neoplastic lesions in vivo.
In summary, the identification of genes displaying significant changes in expression during ALI culture has provided valuable insight into the major biological process that occur during differentiation of HBECs. The specific classes of genes that are upand down-regulated correlate well with the transformation of these cultures from a proliferative, squamous cell layer into a pseudostratified, ciliated epithelium that has many of the properties of the in vivo airway epithelium. These studies have also identified many individual genes that may have important roles in airway epithelial differentiation or function and warrant further study. This catalog of gene expression changes can serve as an important reference tool and a framework for more indepth analyses of airway epithelial function.
